The development of a production planning simulation model. by Riggin, Glenn M.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1979
The development of a production planning
simulation model.
Glenn M. Riggin
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Industrial Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Riggin, Glenn M., "The development of a production planning simulation model." (1979). Theses and Dissertations. Paper 1878.
THE DEVELOPMENT OP 
A PRODUCTION PLANNING SIMULATION MODEL 
by 
Glenn M. Riggin 
A Thesis 
Presented to the Graduate Committee 
of Lehlgh University 
in Candidacy for the Degree of 
Master of Science 
in 
Industrial Engineering 
Lehigh University 
1979 
ProQuest Number: EP76150 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76150 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial ful- 
fillment of the requirements for the degree of Master of 
Science. 
tfaU 2 7. /?7f 
(/        (date) 
Chairman of Department 
11 
ACKNOWLEDGMENTS 
Although I owe many thanks to a great many 
people who assisted me In this endeavor, I would 
like to express my gratitude to a few very special 
people. First', to Dr. Emory Zlmmers, Jr., for 
without his experience and guidance, this thesis 
could not have been written.  Second, to Prof. 
George Kane whose insight, understanding, and 
sincerity helped me greatly throughout my college 
career.  Most importantly, to my parents whose 
sacrifice and support have made this moment possible', 
ill 
TABLE OF CONTENTS 
Headings Page 
Abstract 1 
Introduction 3 
Problem Definition Section.   4 
System Design Section    5 
Data Collection Procedures Section 15 
Input Data Section 22 
Program Description Section  29 
Output Information Section 3*1 
Graphics Section 38 
File Processing Section  40 
Case Study Section l\2 
Summary and Conclusions Section  52 
Assumptions and Constraints Section  56 
Areas of Future Study Section 60 
Bibliography 62 
Appendix A (System Design Flow Chart)  63 
v 
Appendix B (Time and Motion Study; Work Method 
Description) 65 
Appendix C (Data Collection Form 1)  . 70 
Appendix D (Input Deck Setup) 75 
Appendix E (GASP Input Data) 77 
iv 
TABLE OF CONTENTS (continued) 
Headings Page 
Appendix P (Keyword Description) 79 
Appendix G (Pile MERGE, Record Block 2) ... 81 - 
Appendix H (Input Format- Worksheet and Refer- 
ence Manual - User Data Set 2). .86 
Appendix I (PPSM Error Codes)  90 
Appendix J (Case Study Input Data - User Data 
Set 1) 92 
Appendix K (Case Study Input Data - User Data 
Set 2) 94 
Appendix L (PPSM Output Information for Case 
Study) 96 
Appendix M (Graphics Output Data)  ^05 
Appendix N (Sample Man-Machine Bar Chart) . .107 
Appendix 0 (Case Study Graphs)  .109 
Vita ,  .112 
ABSTRACT 
The Production Planning Simulation Model CPPSM), 
developed as part of this thesis, is a generalized 
simulation model which can be used to analyze a 
specific set of manufacturing production processes. 
The PPSM was designed and written as a tool to assist 
engineering and management. 
The analysis of a manufacturing process often 
addresses two questions: 1) what is the output of a: 
process? and 2) what is the cost associated with that 
level of output? The PPSM gives management and 
engineering a method for obtaining estimates of 
production rates and the information necessary to 
estimate the capital and direct labor costs of such 
a process. 
The PPSM is designed to address a variety of 
manufacturing problems of a certain general class. 
For example, it may be used to evaluate improvements 
to existing processes as well as assist the planning 
of engineers and managers for a new process. 
Feasibility studies may utilize the PPSM in their 
engineering economy calculations for the Justification 
of capital equipment expenditures.  Work method 
changes, workplace layout alterations, and staffing 
arrangements may be analyzed.  More detailed estimates 
of production rates may be obtained.  The tradeoff 
between cost of capacity and direct labor costs may 
be more clearly defined.  Also, the Impact of new 
technology, such as robotics, may be weighed to 
see if its benefits justify its costs. 
The thesis is designed to help the reader under- 
stand and effectively utilize the PPSM.  Guidelines 
for its application have been given as an1 aid to the 
user.  In addition, the thesis-endeavors to explain 
the system design, data collection procedures, 
preparation of input, and software modification cap- 
abilities.  It is intended that part of the thesis 
can be useful as an operator's manual for the appli- 
cation of the PPSM to the analysis of a manufacturing 
production process.  A case study is included to 
further the reader's understanding of the PPSM. 
I.  INTRODUCTION 
The major thrust of this thcr.'r; is the development 
of the Production Planning Simulation Model (PPSM). 
The PPSM is a generalized computer simulation model 
which can be used to analyze a specific set of manu- 
facturing production processes.  Corporations in an 
industrial environment face a multitude of problems 
which must be overcome in order to remain competitive. 
Engineers must solve different technical problems which 
are unclear and ill-defined.  Managers must make count- 
less decisions with limited information at their dis- 
posal.  New tools must constantly be designed to assist 
both management and engineering in their decisions. 
This thesis is divided into functional sections. 
These sections explain how the system is designed, how 
to collect the necessary- data, how to prepare the data 
for input, how to tailor the software to solve the 
immediate problems, and how to interpret the output. 
The guidelines for determining which production pro- 
cesses lend themselves to analysis with the PPSM are 
detailed in the SYSTEM DESIGN SECTION.  The PPSM is a 
generalized program and should be appropriate for use 
with a large percentage of common manufacturing 
situations. 
II.  PROBLEM DKFi:nTION SECTION 
Two of the most important questions which must 
be answered about a production process are:  1) what 
is the output of a given process?, and 2) how much will 
that output cost the company? The challenge of this 
thesis was to develop an effective tool for answering 
these questions and provide estimates of the production 
rate of a given process and the information necessary 
to estimate the capital and direct labor costs of that 
process.. 
The issue considered by this thesis is the devel- 
opment of a versatile, analytical tool to be used in 
the solution of common manufacturing problems.  This 
tool must be flexible enough to find application in a 
wide variety of situations.  Justification of capital 
equipment, comparisons of alternate equipment designs, 
experimentation with work method changes, and evalua- 
tion of various machine staffing arrangements are but 
a few of the problems which should be addressed.  The 
development of such a tool requires the definition of 
the specific set of manufacturing processes for which 
the model will be applicable.  It must be determined 
which manufacturing processes are similar enough in 
nature so that a single model can be efficiently 
employed for analytical purposes. 
H 
III.  SYSTEM i)L-:;*i-:;j .-KCTION 
A.  Overview 
This section describes the basic design of the 
system which was developed as a generalized computer 
simulation model for the solution of manufacturing 
problems.  The PPSM utilizes the GASP IV Simulation 
1 
Language.  The user should be famaliar with simulation 
languages in general.  This section is divided into 
four basic parts:  1) the overview, 2) event sequencing, 
3) GASP IV interface, and lJ) usage constraints. 
The application of computer simulation techniques 
to a given problem often involves a number of tradeoffs 
in the selection of an appropriate model.  Some models, 
like the PPSM, require only a small amount of modi- 
fication in order to be effectively utilized.  These 
are generalized models which are appropriate for a 
specific set of production problems.  They require 
relatively little development time, but usually consume 
higher quantities of computer resources because of 
their generalized nature.  As an alternative, the user 
may decide to utilize a generalized computer simu- 
lation language, like GASP IV, and code large sections 
of the model himself in order to develop a model 
1 
Pritsker,, A. A. B.  The GASP IV Simulation Language. 
New York:  John Wiley & Sons, 197^. 
appropriate for the particular problem at hand.  This 
model may operate more efficiently, but will also 
require considerably more development time.  This 
model will probably not be appropriate for a large 
number of other applications.  A third option is to 
. design and write the entire computer simulation in 
- some high level language such as FORTRAN. These models 
tend to consume less computer resources and take a 
significant amount of time to develop.  They also tend 
to be inappropriate for all applications other than 
the one which they were specifically designed for. 
A conceptualization of this tradeoff is shown in 
Figure 1. 
The choice between these types of models depends 
upon the specific problem and the skill of the user. 
Those models which will be run frequently or are 
very complex may be able to justify the higher develop- 
ment cost through reduced operating costs. The PPSM 
is being developed to address those problems which 
do not require high operating efficiency on the com- 
puter, will be run relatively few times, do not Justify 
a high development cost, or must be developed in a 
short amount of time.  It is felt that this latter 
group composes a significant portion of the common 
manufacturing applications in industry today. 
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B.  Event Sequencing 
The basic system is based upon the occurance of 
four events:  1) end of machine cycle, 2) end of man/ 
machine interaction, 3) beginning of man cycle, and 
k)  end of man cycle. The end of machine cycle is the 
time that the machine has finished operating on a 
load of parts and requires the intervention of an 
operator or robot to continue.  This man/machine 
interaction is typically a load/unload operation.  The 
end of the man/machine interaction is when the opera- 
tor or robot has finished the above described inter- 
vention and the machine is ready to begin the next 
machine cycle. The machine always begins a new 
machine cycle immediately after the man/machine inter- 
action. 
The beginning of man cycle event is the time at 
which an operator may, if an operator is available, 
begin to prepare for the next machine cycle.  This 
may require getting raw material, loading molds, or 
transporting the finished parts. Often, the beginning 
of a man cycle will occur immediately after the man/ 
machine interaction. In this case, if an operator is 
available to work, the man cycle will begin. Some~ 
times, however, the man cycle cannot begin immediately, 
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even If an operator is available. For instance, the 
parts that were just unloaded may require cooling 
before being transported.  It must be emphasized that 
the beginning of man cycle event means that the man 
cycle can occur if an operator is available.  If no 
operator is available, the unloaded parts will wait 
until an operator becomes available . This process is 
concluded by the end of man cycle event.  At that time, 
the operator is free to 1) begin another man cycle 
event on another machine or 2) begin the man/machine 
interaction on any machine ready for unloading.  A 
flow chart of this design is shown in Appendix A. 
C.  GASP IV Interface 
The PPSM is essentially a pre-processor program 
for the GASP IV Simulation Language.  As stated earlier, 
the user should be familiar with the event-oriented 
GASP IV Simulation Language.  Briefly, GASP schedules 
these events according to the above described pattern. 
These events are stored in a linked list event file 
(File 1 in GASP output).  The executive GASP routine 
removes events chronologically from the event file and 
causes certain program modules pertaining to each event 
to be executed. 
The following refers to the system flow chart 
shown in Appendix A and describes the basic processing 
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done for each event type. At the end of each machine 
cycle, a machine is ready for the man/machine inter- 
action (ie. load/unload). The program checks to see 
if an operator is available to perform this Interaction. 
If not, the machine is placed in a "machine waiting 
for service" queue and will be serviced by the first 
available man.  This is a first come/first served queue 
discipline.  If an operator is available, then that 
operator must have been idle Just prior to this point 
in time. The operator is removed from a "man waiting 
for work" queue.  This is also a first come/first 
served queue discipline.  A man/machine interaction 
must occur next.  The duration for an end of man/ 
machine interaction is calculated and scheduled by 
filing it in the event file. 
The end of man/machine interaction causes several 
steps to be taken. First, an end of machine cycle is 
scheduled to occur.  Also, the beginning of man cycle 
is scheduled to occur. Finally, a check is made to 
see if the operator, who is now idle, can be put to 
work on something else.  If no other work is available, 
he is put in a "man waiting for work" queue.  If another 
machine is waiting to be loaded, the man/machine inter- 
action for that machine is scheduled.  If a man cycle 
is ready to begin, the man will be assigned to that. 
10 
/ 
The beginning of man cycle event occurs sometime 
(.perhaps immediately) after an end of man/machine inter- 
action.  At that time, the machine whose parts were 
previously unloaded is available for a man cycle event. 
If no operator is available for the upcoming man/machine 
interaction, an entry is made in the "work waiting for 
service" queue.  This is a first come/first served queue 
discipline.  If an operator is available, he is removed 
from the "man waiting for work" queue and an end of 
man cycle event is scheduled. 
At the end of a man cycle, an operator becomes 
available for more work.  If there is no work for him 
to do, he is placed in a "man waiting for work" queue. 
If a machine is waiting to be unloaded, a man/machine 
interaction is scheduled.  If there are entries in the 
"work waiting for service" queue, an end of man cycle is 
scheduled.  All of the above is dependent upon which 
operator can service which machines as stated in the 
staffing arrangement Cpairing array) in User Data Set 2. 
D.  Design Constraints 
The following criteria are designed to allow 
identification of those manufacturing production proces- 
ses for which this simulation model will be appropriate. 
These criteria are guidelines only and the final decision 
for the use of this model rests in the hands of the user. 
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The manufacturing proceun should involve the pro- 
duction of a single product or a single class of products 
which can be treated identically for the specific process 
under analysis.  All units passing through the production 
process shall be treated identically. 
The simulation model Is designed for analysis of 
processes which consist of a single repeatable pattern 
made up of no more than the following three parts: 
1) machine cycle - the time during which the 
machine works independently of the operator 
2) man cycle - the time during which the operator 
works independently of the machine to prepare 
in some way for the next machine cycle 
3) man/machine interaction - time during which 
the machine is essentially dependent upon the 
operator, as in reloading the machine for 
the next machine cycle.  Some minor Inter- 
dependencies may exist.. 
The physical layout of the process can utilize 
multiple operators and machines according to the follow- 
ing restrictions: 
1) The maximum number of operators and machines 
Is determined by the size of storage arrays. 
Program modification will be necessary if this 
maximum is exceeded. 
12 
2) Each operator can run any number of machines 
for a given simulation run. . 
3) Machines and operators are assigned unique 
numbers as identifiers.  They can only receive 
differential processing by varying the content 
of the data in User Data Sets 1 and 2. A more 
detailed list of constraints is given in the 
ASSUMPTIONS AND CONSTRAINTS SECTION. 
Production can be scheduled for up to 24 hours 
per day and up to seven days a week.  The production rate 
shall in no way depend upon the time of day or the day. 
of the week.  Lost production due to setups, beginning 
and end of shifts, illness, lack of material, etc., shall 
be handled in the following ways: 
1) decrease the number of hours per day or days 
per week of production time 
2) increase personal, fatigue, and delay allow- 
ances 
3) vary the machine utilization factor which is 
designed to allow a more accurate portrayal 
of actual production inefficiencies. 
These losses in production shall not be programmed as 
variations in the production cycle. Also, scrap rates 
are assumed to be zero. 
13 
The process must be broken Into Its elemental work 
elements, probably through a time and motion study. 
The accuracy and level of detail of this study will 
significantly affect the accuracy and precision of the 
simulation results. The time required for any of the 
three production cycles may be deterministic or 
probabilistic. The distribution type and parameters 
should remain constant during each simulation run. 
Deviation from this rule may require program modlfl- 
cations in excess of normal use of the simulation 
model. 
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IV.  DATA COLLECTION PROCEDURES SECTION 
A.  Overview 
The following is a description of the data which 
is needed as input to the Production Planning Simula- 
tion Model (PPSM).  The manufacturing process should 
consist of a single repeatable pattern made up of at 
most the following three parts: 
1) machine cycle - the time during which the 
machine works independently of the operator 
or robot. 
2) man cycle - the time during which the operator 
or robot works independently of the machine 
to prepare in some way for the next machine 
cycle. 
3) man/machine interaction cycle - the time during 
which the machine is essentially dependent 
upon the operator or robot, as in reloading 
the machine for the next machine cycle.  Some 
minor dependencies of man or robot upon machine 
may exist.. 
The PPSM requires certain data concerning the 
manufacturing process under investigation.  The accur- 
acy and level of detail of this data will significantly 
affect the accuracy and precision of the simulation 
15 
results.  The following io a list of data which is 
required.  Examples of acceptable data are shown in 
the Appendices. 
B.  Time and Motion Study (Step 1) 
A complete time and motion study should be 
performed in accordance-with standard industrial 
engineering guidelines.  A partial list of criteria 
for choosing the work elements is shown below: 
1) Easily detected and definite end point. 
2) As small as is convenient to time. 
3) As unified as possible. 
4) Hand time should be separated from machine 
time. 
5) Internal time (hand work during man/machine 
interaction) should be separated from external 
time (hand work during man cycle). 
6) Constant elements should be separated from 
variable elements. 
7) Regular (occurring every cycle) and irregular 
(not occurring every cycle) elements should 
2 
be separated. 
2 
Mundel, M. E.  Motion and Time Study, Principles 
and Practices.  Engle wood Cliffs, NJ:  Prentice- 
Hall, 1970, pages 319-321. 
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The PPSN has the capacity for generating man- 
machine charts. The level of detail of this time 
study will be reflected in this graphical output. 
More detailed time studies will allow more detailed 
man-machine charts. Examples of acceptable time and 
motion studies are shown in Appendix B. 
C.  Cycle Times (Step 2) 
The PPSM is based upon the time required for the 
machine cycle, man cycle, and man/machine interaction 
cycle.  These cycles were described earlier.  The 
time to perform each of these cycles should be obtain- 
able directly from the time study.  These times should 
be filled in on Form 1, Section A (see Figure 2). 
Also, the work elements which make up the three cycles 
should be noted where indicated on the form.  No work 
element should appear under two different cycle types. 
One form should be completed for each machine 
under study.  Also, indicate the number of parts per 
machine cycle expected for each machine.  An example 
of a completed Form 1 is shown in Appendix C. 
D.  Allowances (Step 3) 
Any time allowances for personal time, fatigue, 
or unavoidable delay should be noted on the time study 
sheet under "Percentage Allowances." These should be 
expressed as a percentage of the normal time. 
17 
Figure 2                 £2™A 
Section A 
Machine Type or Number —  
Number of Machines of this Type — 
Machine Cycle Time — 
Work Elements comprising Machine Cycle 
Man Cycle Time — 
Work Elements comprising Man Cycle 
Man/Machine Interaction Cycle Time — 
Work Elements comprising 
Man/Machine Interaction Cycle 
Number of Parts per Machine Cycle — 
18 
Figure 2 (continued) FORM 1 
Section B 
Maximum Available Hours per Shift 
minus Lunch 
minus Setup 
minus Cleanup 
minus Other 
Production Hours per Shift 
Section C 
Number of Men or Robots — 
Number of Machines Operated — 
Number of Shifts per Day — 
Resource Utilization Factor — 
Man Name or 
Number 
Staffing Matrix 
Machine Type or Number 
19 
E.  Production Hours (Step H) 
Often, some portion of the shift Is not devoted 
to actual production.  Setup time, lunch, and end-of- 
shlft cleanup are examples of this.  Losses of this 
type are not part of the regular cycle. These should 
be subtracted from the maximum number of hours per 
shift available to determine the number of production 
hours per shift. This should be Indicated In Form 1, 
Section B (see Appendix C). 
P.  Miscellaneous Data (Step 5) 
Form 1, Section C is used for several data types. 
The number of shifts per day is necessary.  The number 
of men or robots and how many machines they are 
operating is required.  The matrix in Section C is 
filled out as follows: 
1) Fill in each operator's name or number in a 
separate row. 
2) Fill in each machine number in a separate 
column.  There should be one row for each man 
or robot and one column for each machine.  Use 
additional forms if necessary. 
3) In each square, place a "1" if that man will 
be running that machine and a n0" if that man 
will not be running that machine. 
20 
Finally, a resource utilization factor can be 
specified. This is a further allowance due to lack 
of material, break-downs, and other unpredictable 
delays. This should be expressed as a percentage 
between 0% and 100%.  It represents the percentage of 
the theoretical production rate, including allowances 
(see Step 3) and scheduled downtime (see Step 4), 
that the company feels that it can expect from the 
area under study. Typical utilization factors may 
range from 70$ to 100*. 
21 0 
V.  INPUT DATA .^XTIOM 
A.  Overview 
The following section Is intended to describe the 
input data required to utilize the PPSM and to inform 
the user as to the proper format of that data.  The 
input is divided into four basic sections:  1) SCOPE 
control cards, 2) GASP Input Data, 3) User Data Set 1, 
and 4) User Data Set 2.  The overall deck setup is 
shown in Appendix D.  These sections are described 
below.. 
B.  SCOPE Control Cards 
This section describes the SCOPE (Supervisory 
Control Of Program Execution) control cards.  SCOPE 
is the operating system of the Control Data 6400 
computer at Lehigh University.  These SCOPE commands 
attach all necessary files, load and execute the 
programs, and perform other file manipulations. 
Alternate SCOPE cards may be used depending on whether 
a compiled or source program Is attached, what source 
listings are desired, etc.  The SCOPE operating manual3 
can be references for more Information.  The overall 
design and operation of the PPSM is described In the 
PILE PROCESSING SECTION. 
3SCOPE Operating Manual, Version 3.4.4, Lehigh Univer- 
sity, 1975. Publication Number 60307200, Ver. 11. 
2? 
c
•  GASP Input Pat;a 
The PPSM utilizes three data sections:  1) GASP 
Input Data, 2) User Data Set 1, and 3) User Data Set 2. 
The GASP data is read from file MERGE.  A copy of this 
data appears in Appendix E and is more completely 
described in the GASP IV text.  For most applications, 
the user need not alter any of the GASP-input variables, 
If it becomes necessary, these variables may be 
altered by interactively editing file MERGE.  This 
will be necessary for multiple runs, to reclear 
statistical arrays, and alter stopping conditions. 
D.  User Data Set 1 
User Data Set 1, the second data section, allows 
the user to insert FORTRAN statements into four sub- 
routines in order to calculate the various cycle times. 
The PPSM, like all simulations, is based upon the 
time required to perform certain activities; 
specifically, the man cycle, the machine cycle, and 
the man/machine interaction cycle.  Four subroutines 
(TMACH, TMAN, TINTER, AND COOL) are used to generate 
these times.  All of the problem independent state- 
ments have already been coded.  The method by which 
these FORTRAN statements are actually Inserted into 
the subroutines is discussed in the PILE PROCESSING 
Pritsker, on. c_it. , pages 67-76 
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SECTION. The statements needed to calculate these 
cycle times are highly problem dependent.  The spe- 
cific usage of the numerous arrays available to the 
user demands the PPSM accept user written code to 
allow maximum flexibility. 
User Data Set 1 makes use of key words in the 
following manner.  The FORTRAN statements which the 
user wishes to insert into a particular subroutine 
must be preceded by a key word identifying that sub- 
routine.  The following shows a sample User Data Set 1: 
card   0    0 1        2        3        * 
column 17 0        0        0        0 
MACHINE 
CYCLE=VMACH(Mi|,l) 
INTERACT 
TACT=ETMMI(2)+ETMMI(3) 
MAN 
SUM1=ETMAN(1)+ETMAN(2) 
PREP=SUM1+ETMAN(3)*VMACH(M,2) 
Several restrictions must be imposed at this 
point.  The key words must start in card column 1. 
Any FORTRAN statement is acceptable and should be 
typed according to the usual card column conventions. 
The cycle times of the machine, man, and man/machine 
interaction must be stored in variable names CYCLE, 
PREP, and TACT, respectively. Any temporary varia- 
bles man be defined, such as SUM1 in the example, 
as long as no PPSM< variables listed in COMMON are 
2k 
redefined by the user for calculations. Note that 
each machine and operator are assigned a unique number 
on input and this number is stored in MH  and M3, 
respectively. This was used in the statement 
CYCLE«VMACH(Mi|,l) 
to specify the machine cycle of the proper machine. 
Each time calculation subroutine has a default 
FORTRAN statement which can be used rather than 
inputting a statement. The default statements are: 
for TMACH    CYCLE=VMACH(M4,1) 
for TMAN     PREP=ETMAN(1) 
for TINTER   TACT=ETMMI(1). 
It is possible for the user to structure the User 
Data Set 2 so that one or more of these default 
statements can be used.  This will usually be the 
case for TMACH, since the machine cycle time must be 
stored in VMACH(MiJ,l).  The ability to insert state- 
ments into SUBROUTINE COOL is provided, but will pro- 
bably not be needed for most problems. The key word 
is COOL and is used similarly as described above. 
Key words are described in Appendix P. 
In addition, the user may desire additional 
output summaries or data than are provided by the 
standard PPSM reports. The key word OUTPUT must 
precede any user written output routine.  This routine 
must be coded in full by the user.  It will be called 
25 
by the PPSM output routine at the completion of the 
simulation run.  A dummy OUTPUT routine Is provided 
should the user not desire his own unique routine. 
E.  User Data Set 2 
The third and final data section, User Data Set 
2, contains most of the problem specific numerical 
data.  It Is Important to understand what data Is 
required. Therefore, the user should be familiar with 
the DATA COLLECTION PROCEDURES SECTION before proceed- 
ing. 
The format required for User Data Set 2, a brief 
description of each variable, and a sample data set 
are shown in Appendices H and K.  Most of the data 
can be obtained from Form 1, Section C.  Data card 
types 15, 16, and 17 must be made available by inter- 
preting the time and motion study.  Arrays ETMACH, 
ETMAN, and ETMMI are used to store elemental time 
data.  The maximum number of entries is 50 and the 
program will require modification if~this is exceeded. 
Arrays VMACH, VMAN, and DATA are to be used for 
storing variable data about the machines, men, and 
interaction cycles, respectively. VMACH is a two- 
dimensional array for machine data.  Each row repre- 
sents a different machine and the user can define up 
to eight different variables (columns) for each 
26 
machine. The first column is defined to be the machine 
cycle time. The second column is defined to be the 
number of parts produced each machine cycle by that 
machine.  If these conventions are not adhered to, the 
default statements in TMACH will not apply, the 
production rate calculations will be incorrect, and 
output will be mislabeled.  This data is available 
on Form 1, Section A.  Columns 3-8 can be defined 
in any way the user desires. Array VMAN is used for 
operator or robot data.  Array DATA is used for any 
other miscellaneous data required by the user. Form 1 
Section A should help the user transform the time and 
motion study into an acceptable format for the PPSM. 
If any one of these six arrays is not required, 
one blank card must still be placed in the data deck 
for each array not used. 
ALLOW is a variable to give the operator an 
allowance for personal, fatigue, and delay (PFD) 
time.  If the operator is to be allocated 10J6 of the 
normal cycle time for PFD allowances, ALLOW should be 
set equal to 1.10.  The variables HOURS, SHIFTS, DAYS, 
and UTIL are detailed in the DATA COLLECTION PROCEDURES 
SECTION.  IHOT allows some flexibility in the sequen- 
cing of the various cycles.  Some manufacturing 
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processes require the operator to wait a specified 
time after the man/machine Interaction before beginning 
the man cycle. For example, hot molds might be 
required to cool a period of time.  If IHOT Is set 
equal to 0 (zero), no delay on the man cycle Is 
Imposed.  If IHOT Is set equal to 1 (one), the man 
cycle will be delayed as long as possible without 
inducing unnecessary machine Idle. The end of the man 
cycle Is set to occur simultaneously with the end 
of the machine cycle. 
F.  Graphics Data 
The PPSM will have the capacity to plot funda- 
mental man-machine bar charts, either on a hard copy 
plot or on a graphics terminal.  The user can specify 
at what time during the simulation the data collection 
for the graphics should begin and terminate. The 
values of TSTART and TSTOP are relative to a simulation 
starting time of 0 (zero).  If no graphics output is 
desired, a blank card should be used. 
28 
VI.  PROGRAM DESCRIPTION SECTION 
This section is designed to describe the various 
PPSM subroutines and how they are combined into major 
program modules.  The basic functions of each subroutine 
will be discussed.  This will be subroutine-oriented, 
rather than system-oriented like the discussion in the 
SYSTEM DESIGN SECTION. 
The MAIN program simply initializes several variables 
and calls the executive routine, GASP.  This executive 
routine performs numerous functions which are detailed 
in the previously referenced GASP IV text. 
SUBROUTINE INTLC is called once at the beginning of 
each simulation run.  A number of arrays and variables 
are initialized.  Data from User Data Set 2 is read and 
an echo of all input data from User Data Set 2 is then 
printed along with appropriate headings.  Some error 
checking of this data is performed.  Arrays PMACH and PMAN 
are initialized here, but are reserved for possible future 
use with the graphics package.  The system has been 
initialized in the following way. All machines are placed 
in the "machine waiting for service" queue.  All operators 
or robots are placed in the "man waiting for work" queue. 
The event file is initialized with beginning of man cycle 
events, one for each machine.  These will be processed as 
discussed in the SYSTEMS DESIGN SECTION. 
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SUBROUTINE EVNTS is called each time the executive 
routine removes an event from the event file.  A check 
for Invalid event codes Is made and then the proper 
subroutine Is called depending upon this event code.  The 
following table indicates the event codes used: 
Event Code Event Description 
1 End of Machine Cycle 
2 End of Man/Machine Interaction 
3 End of Man Cycle 
H Beginning of Man Cycle 
SUBROUTINE EOMACH processes end of machine cycle 
events in the fashion described earlier. When calculating 
the duration of the man/machine interaction, SUBROUTINE 
TINTER is called. 
SUBROUTINE TINTEH calculates the time required for 
the man/machine interaction. These times may be deter- 
ministic or probabilistic depending on User Data Set 1. 
The default value Is ETMMI(l). 
SUBROUTINE EOMMI processes man/machine interaction 
events as described earlier. When calculating the duration 
of the next machine cycle, SUBROUTINE TMACH is called. 
When calculating the time until the man cycle may begin, 
SUBROUTINE COOL may be called. 
SUBROUTINE TMACH calculates the time required for 
the machine cycle.  This should be equal to VMACHlM*l,l) 
in most cases, which is also the default value.  These 
times may be deterministic or probabilistic, depending 
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upon User Data Set 1. 
SUBROUTINE COOL Is called if the user wants the man 
cycle to be delayed a period of time and specifies IHOT*1. 
The delay Is calculated In the following way.  The begin- 
ning of the man cycle is scheduled such that the man cycle 
will end at the same time as the machine cycle (assuming 
an operator Is available immediately for service). 
SUBROUTINE EOMAN processes end 'of man cycle events 
as discussed earlier. 
SUBROUTINE BEGMAN processes beginning of man cycle 
events as discussed earlier. When calculating the duration 
of the next man cycle, SUBROUTINE TMAN is called. 
SUBROUTINE TMAN calculates the time required for the 
machine cycle.  These times may be deterministic or 
probabilistic, depending upon User DatasSet 1.- The 
default value is equal to ETMAN(l). 
SUBROUTINE WORK is called by SUBROUTINE EOMMI and 
EOMAN.  It Is used to see If work is available for an idle 
operator and, if so, what type of work it is. 
SUBROUTINE PIECE Is called by SUBROUTINE EOMAN.  It 
calculates the total number of parts produced by all 
machines up to the current time. VMACH(M4,2; is defined 
to be the number of parts produced per machine load for 
machine number M4. 
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SUBROUTINE OTPUT is called at the end of the simula- 
tion and provides the PPSM output described in the OUTPUT 
INFORMATION SECTION. This routine also calls SUBROUTINE 
OUTPUT, which is the user written subroutine. 
SUBROUTINE OUTPUT is an optional user written output 
routine.  If no special output is desired, this need not 
be included since a dummy SUBROUTINE OUTPUT is provided. 
If used, this routine must be input through User Data 
Set 1.  The user must include all necessary COMMON blocks 
for the output he desires. 
SUBROUTINE UERR is called whenever an error is 
detected by the PPSM or GASP error checks.  Error codes 
1-99 are PPSM errors and error codes 100-999 are< GASP 
error codes.  The GASP error codes are defined in the 
GASP IV text.  The definitions of the PPSM error codes 
will be printed by SUBROUTINE UERR.  The error code 
definition should help the user locate where the error 
occurred.  Usually, some input cards have been misused. 
The PPSM error codes are listed in Appendix I. 
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PPSM SUBROUTINE SUMMARY 
Subroutines 
BEGMAN 
COOL 
EOMACH 
EOMAN 
EOMMI 
EVNTS 
INTLC 
MAIN 
OTPUT 
OUTPUT 
PIECE 
TINTER 
TMACH 
TMAN 
UERR 
Description 
Processes beginning of man cycle events 
Calculates time for man cycle delay 
Processes end of machine cycle events 
Processes end of man cycle events 
Processes end of man/machine Interaction 
events 
Calls proper event 
Reads User Input Data Sets 1 & 2, 
initializes system 
Initializes variables, calls GASP 
Prints PPSM output 
Prints User Output 
Calculates number of parts produced 
Calculates time for man/machine inter- 
action 
Calculates time for,machine cycle 
Calculates time for man cycle 
Writes error messages 
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VII.  OUTPUT INFORMATION SECTION 
A. Overview 
Output from the PPSM is made up of several sec- 
tions. A copy of the output for the case study Is 
shown in Appendix L. Output is written to three 
primary reports:  1) GASP reports, 2) PPSM reports, 
i 
and 3) user written reports.  These will be described 
in the order they appear on output.  A copy of a 
sample output appears in Appendix L. | 
■ i ! 
B. Input Echo Check | 
First, GASP causes an echo of the GASP Input | 
i 
Data to be printed as an echo check.  This data 
appears as the third record on file MERGE and can be 
altered interactively. Secondly, PPSM prints out all 
pertinent input data from User Data Set 2.  This is 
labeled "Input Data" and contains: 
number of operators or robots   (NMEN) * 
number of machines (NMACH) 
staffing arrangements (NPAR) 
elemental time data (ETMACH) 
(ETMAN) 
(ETMMI) 
machine variable data (VMACH) 
man variable data (VMAN) 
miscellaneous variable data    (DATA) 
production time information    (DAYS) 
(SHIFTS) 
(HOURS) 
graphics data collection       (TSTART) 
(TSTOP) 
3* 
In the staffing arrangement (or pairing array), 
each machine Is a separate column and each operator 
Is a separate row. Zeros In the Elemental Time Summary 
Indicate no data in that element number. Machine, men, 
or miscellaneous variable data will only be printed 
if data was read in.  Zeros also indicate no data read 
in that position. 
GASP then prints a dump of the internal arrays 
at simulation time 0.. This will be useful only to \" 
users who are familiar with the PPSM and GASP IV. 
C.  Output Information 
The next section, labeled "Output Informationn, 
is printed by the PPSM.  The following information 
is printed for each machine:' 
machine number 
machine cycle time 
raw production rate 
time standard rate 
factored rate 
number of parts produced per machine 
percent machine idle time 
The raw production rate includes no personal, fatigue, 
and delay allowances or resource utilization factor 
decrease.  This production assumes 100% efficiency 
during all production hours. The time standard rate 
includes an allowance for PFD allowances. These are 
relatively unavoidable delays. The factored rate is 
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calculated by multiplying the time standard by the 
resource utilization factor.  The percent machine 
idle is calculated by dividing the total production 
hours the machine is idle by the total production 
hours.  This does not include idle time due to setup, 
lunch, etc.  (see DATA COLLECTION PROCEDURES SECTION, 
Form 1, Section B).  The percent idle for each opera- 
tor or robot is printed.  Other output in this section 
includes total parts produced by all machines, allow- 
ance factor, resource utilization factor, and produc- 
tion hours Information. 
All output from the user written output routine 
is printed next.  This subroutine is optional and, 
if desired, must be included in User Data Set 1.  If 
not desired, no output from this section will be 
printed. 
The final output section is a GASP summary report. 
It contains statistical information about the various 
internal GASP files.  GASP Pile 2 is used as the Idle 
queue for operators or robots.  The "average number 
in file" represents the fraction of time the operators 
or robots are idle.  GASP File 3 represents similar 
Information about the machines. More detailed des- 
criptions of the GASP output appear In the previously 
referenced GASP IV text. 
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D.  Graphics Output 
The PPSM has been designed so that It can Inter- 
face with a post-processor graphics package. This 
graphics package may output Calcomp plots or visual 
displays on a .graphics terminal, for example. 
Information necessary for this graphical output is 
written to a disk file.  This will be described more 
fully in the GRAPHICS SECTION.  A sample of this data 
is shown in Appendix N. 
A number of error checking and debugging aids 
have been included in the PPSM.  In addition, both : 
GASP, the operating system, and compiler have error 
routines.  Some errors due to bad input data will be 
detected through one of these routines.  This is 
described more fully in the PROGRAM DESCRIPTION 
SECTION. 
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VIII.  GRAPHICS SECTION 
The PPSM has been designed to interface with a 
graphics package which has yet to be written.  This 
graphics package Is envisioned to act as a post-processor 
to the PPSM and is an area of future study. The graphical 
output will plot simple man-machine bar charts similar 
to that shown in Appendix N . 
The PPSM writes data necessary for this output to 
a disk file called PLOTD.  The data is written In the 
following format: 
Variahle  Clock  Duration  Mevnt  Man  Machine 
Format    P10.3   F10.3     II    12     12 
Example  10.730   1.6l0      2    01     02 
"Clock" is the simulation wall clock time that an event 
with event code "Mevnt" occurred.  "Duration" is tne^time 
it took to complete event type "Mevnt".  "Man" and 
"Machine" are the man and machine numbers associated with 
event  "Mevnt"*  A sample output appears In Appendix M* 
The example is interpreted as follows.  The end of 
a man/machine interaction event (Mevnt=2j occurred at 
time 10.703.  The interaction required 1.610 time units 
from start to finish.  This means the start of the inter- 
action occurred at time (IO.73O - 1.610) ■ 9.120.  Also, 
man number 1 was interacting with machine number 2. These 
nuribea^s are assigned based upon the data in the staffing 
array.  This data will be written to the file PLOTD 
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starting at time TSTART and finishing at time TSTOP.  The 
graphics package must "decode" and interpret the data. 
TSTART and TSTOP may be restricted to certain values by 
this graphics package.  The purpose for including this 
interface for such a package is described further in the 
AREAS OP FUTURE STUDY SECTION. 
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IX.  FILE PROCESSING SECTION 
The following section is designed to describe all 
file manipulations required to utilize the PPSM.  The 
files contain several types of information:  1) input 
data, 2)  a pre-processor program (HEADER;, 3) user written 
FORTRAN, *»; PPSM FORTRAN, 5) GASP IV object code, 6)output 
information, and 7) graphics data. 
File MERGE contains three record blocks.  The first 
record block contains PROGRAM HEADER.  This program is 
responsible for the somewhat unusual capability of 
having the user code only a few key FORTRAN statements 
and having these statements be inserted into the time 
calculation subroutines.  The user is freed from'Writing 
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all the problem independent statements, such as COMMON 
blocks, RETURN statements, and default statements.  This 
also gives the user great flexibility without forcing him 
to study the actual PPSM code.  HEADER reads User Data 
Set 1 and, depending on the key word, writes the FORTRAN 
statements to one of four disk files.  The following table 
indicates this mapping: 
Keyword    Mapped to     File Name File Number 
MACHINE 
INTERACT 
MAN 
COOL 
OUTPUT 
Record block 2 on file MERGE constalns all of the 
*»0 
DATA1 1 
DATA2 2 
DATA3 3 
DATA4 H 
SUMCMP 8 
time calculation subroutine statements which are not 
coded by the user. HEADER alternates between reading 
statements from record block 2 and from files DATA1, 
DATA2, DATA3, and DATA*!.  As each line is read, it 
is written to file SUBCMP.  A copy of record block 2 
is shown in Appendix G.. When HEADER has finished 
executing, file SUBCMP will contain the user written 
output routine and the complete time calculation 
routines.  At-this time, SUBCMP has been rewound and 
the MERGE file pointer has been moved to the top of 
the third record block.  The GASP input data is 
stored on this third record block. ■» 
Piles SUBCMP. and DISCIV are then compiled.  DISCly 
contains the majority of the PPSM code.  If desired, 
a compiled version of DISCIV called DISCMP can be used 
to reduce the compilation time.  The compiled versions 
are then loaded and the GASP IV object code is 
executed.  The PPSM causes the graphics data to be 
written to disk file PLOTD.  Examples of the data 
types are shown in the Appendices. 
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X.     CASE STUDY SECTION 
A. Background 
The following case study Illustrates how the PPSM 
is used in a typical manufacturing environment. A 
phenolic products company was planning a major 
expansion of one of their product lines.  One of the 
major operations in the production of this part is 
a pressing operation.  The company planned to purchase 
12 presses in a three step expansion expected to take 
two years to implement.  Initially, two presses were 
to be installed on a trial basis. Two more tentative 
orders for four and six additional presses had been, 
placed. 
B. Problem Definition 
The task at hand was to develop a management tool 
to be applied to the analysis of interrelated design 
and operational problems.  A number of problems were 
anticipated for this expansion. The presses ordered 
were designed differently than existing presses. 
They were far smaller physically and produced fewer 
parts per machine load. This was to reduce the invest- 
ment in large amounts of expensive tooling and to take 
advantage of the shorter machine cycles being made 
possible by newly developed raw material mixes. The 
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smaller presses required a modified work method.  No 
time standards had been made for the new equipment. 
The layout of both the presses and the associated 
peripheral equipment (le. racks, tables, strippers) 
was In question,  New methods of loading and unloading 
the presses had to be Investigated and the redesign 
of some of the peripheral equipment needed to be 
studied.  The staffing requirement was unknown and 
estimates of production, both for the two year expan- 
sion period and the steady state operation, were 
desired. 
C.  Operation Description 
The basic operation is fairly straightforward. 
Rough preformed parts are put into empty molds.  These 
molds are sandwiched between steel plates, with two 
or three molds per sandwich.  These "sandwiched molds" 
are called platens.  One set of platens would be in 
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the press while the operator prepared another set. 
A fixed number of platens can fit in the presses at 
one time.  The operator would unload the finished 
parts onto a rack at the end of the machine cycle. 
He would then load the newly prepared platens into 
the press and activate the machine.  The parts would 
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be under high temperature and pressure for a given 
cycle time, all of which depended upon the particular 
raw material mix. The operator would then remove the 
finished parts from the molds (an operation called 
stripping), clean and lubricate the molds, and put 
more of the rough preformed parts in the molds.  This 
cycle is repeated continually. 
D.  PPSM Application 
The first step in using the PPSM is determining 
whether the manufacturing process fits the guidelines 
set forth in the SYSTEM DESIGN SECTION.  Although 
these presses operate on a large number of part sizes, 
shapes, and numbers, all parts are treated essentially 
the same.  A press is set up for a given pressure, 
temperature, and cycle time.  Then, only parts utiliz- 
ing that particular set of parameter values are run 
on that machine.  The press, once activated, operates 
independently of the operator until unloading is to 
begin (at the end of the machine cycle).  During the 
machine cycle, the operator reloads the empty molds 
to prepare the platens for the next machine cycle. 
During the load/unload, the press is essentially 
dependent upon the operator*s speed in removing the 
finished platens and sliding the unfinished platens 
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into the press.  The operator does have to wait for 
the press to open and close, but this lnterdependency 
is minor.  The pressing operation appears to satisfy 
all guidelines for the use of the PPSM. 
E.  Data Collection 
After confirming the applicability of the PPSM, 
the next step is the collection of all necessary 
input data.  Initially, a time study must be performed 
unless accurate predetermined time standards are 
available.  Since the presses were not yet in opera- 
tion, the time study was performed on the larger, 
existing presses.  This time study should be in 
sufficient detail so that several alternate work 
methods can be synthesized.  The DATA COLLECTION 
PROCEDURES SECTION describes the necessary steps. 
Several work method descriptions were constructed, 
one of which is shown in Appendix B.  Each work method 
was constructed with a particular layout in mind. 
Alternate designs of the peripheral equipment, 
(the load/unload rack, in this case) also affect the 
work method.  It is important that the work elements 
in the time study be sufficiently small so that 
alternate work methods, workplace layouts, and equip- 
ment designs can be evaluated. . Form 1, shown in 
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Appendix C must also be filled out.  Section A 
interprets the time study and method description to 
insure it is accurately interpreted by the user. 
This is important, since the PPSM user is often not 
directly responsible for this data collection. 
Sections B and C were filled in through consultations 
with the Industrial Engineering Department, foremen, 
and the Accounting Department. These data collection 
procedures are extremely important.  The emphasis 
should be placed upon accurate, well-detailed, and 
well explained data.  This will save time later and 
produce more reliable results. 
< 
The data was put into the proper format for User 
Data Set 2.  A copy of this data set is shown in 
Appendix K.  Care was taken to insure that the assign- 
ment of variable values, as given in User Data Set 2, 
was consistent with the FORTRAN statements in User 
Data Set 1.  A copy of User Data Set 1 is shown in 
Appendix J. 
P.  Design of Experiments 
Like any simulation, the PPSM does not neces- 
sarily generate an optimal solution to a problem; 
rather, it is a tool for experimenting with a system. 
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These experiments should lead the user to an accept- 
able or Improved solution. For this case study, the 
experiments Involved varying several:parameters over 
a range of values. 
Some Initial experiments were made with different 
work methods. These work methods varied because 
of changes in the peripheral equipment.  The purpose 
was to see whether a load/unload rack which moved 
vertically would be more efficient than one which 
moved horizontally.  The results indicated that the 
horizontal rack, though clumsier, provided the only 
workable solution.  This method seemed best for all 
cycle times and staffing arrangements.  This also 
pointed to the advantage of developing a machine 
powered automatic load/unload device. 
The machine cycle time is entirely dependent 
upon the raw material mix used.  Product development 
works constantly to develop superior mixes.  If 
product quality can be maintained, the production 
rate can be significantly improved.  A series of 
experiments was run for varying machine cycle times. 
The staffing arrangement is closely related to 
the machine cycle. As the machine cycle increases, 
the operator has more time to perform the man cycle 
for a given number of platens. This means he may be 
47 
able to operate more than one press by himself. 
The use of industrial robots may affect the staffing. 
The above series of experiments (which varied the 
machine cycle time) were run for each of the follow- 
ing staffing arrangements: 
Number of Operators        Number of Machines 
1      ■ 1 i 
1 2 
1 3 ! 1 H ! 
Since the initial installation required only two 
presses, a number of experiments were run to estimate 
the actual production rates during the first part of 
the expansion period (see Sample Output, Appendix L). 
G.  Analysis and Recommendations 
The above experiments provided valuable insight 
into the capital expansion project. First, it allowed 
a number of different layouts, work methods, and 
equipment designs to be evaluated against each other. 
Facilities Engineering could perform the physical 
planning before the actual arrival of the equipment 
and have greater confidence in their design.  Also, 
Industrial Engineering was able to test numerous work 
methods and improve them on the computer. This is 
much less costly than altering the work methods 
of actual operators while they are working on a 
production run. 
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The experiments which varied the staffing arrange- 
ment allowed management to assess the tradeoffs between 
labor costs and cost of capacity.  The graphs in 
Appendix 0 illustrate this point.  The graph of 
production rate versus cycle time shows that the 
production rate increases as the ratio of operators 
to presses Increases (becomes relatively labor 
intensive).  It also shows that the increases become 
more marked at lower cycle times.  The horizontal 
sections of the graph indicate combinations for 
which the machine is partly idle and the operator 
is fully utilized.  This increase in production 
caused by increasing the labor content is not without 
cost, however.  The graph of man-minutes per part 
versus cycle time shows this cost.  As the ratio 
of operators to presses increases, so do the man- 
minutes per part.  That is, the higher production 
rates incur a higher labor cost. 
The above information has several implications. 
The PPSM can be used to aid in production load level- 
ling.  During peak times, additional manpower can 
be allocated to raise the production rates.  During 
slower times, fewer operators can run the equipment 
and then the production rates can be lowered.  If 
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the only costs considered are direct labor and cost 
of capacity, the least cost cycle time for a given 
staffing arrangement would be at the point where the 
percent idle time for both the operator and the press 
is zero. For each of the above staffing arrange- 
ments, the approximate psuedo-optlmal cycle time was 
determined and is shown below: 
Number of Men Number of Machines Cycle Time 
1 1 12 minutes 
1 2 27 minutes 
1 3 39 minutes 
1 k 60 minutes 
This information gives the chemists a goal to strive^ 
for in terms of machine cycle time.  As the actual 
cycle time varies from these psuedo-optlmal.results, 
inefficiencies in the form of idle time will be 
introduced. 
In summary, the PPSM allowed the evaluation of 
alternate work methods and layouts, helped in equip- 
ment design, illustrated the tradeoffs between idle 
labor and idle equipment, and gave the product 
developers who develop the product mixes goals to aim 
at in terms of product performance.  The PPSM has 
potential for plant-wide application and already 
impacts a number of functional areas.  It has proven 
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to be a valuable management tool in these opera- 
tional and design problems. 
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XI.  SUMMARY AND CONCLUSIONS SECTION 
The charge of this thesis was to develop a tool 
to be used by management and engineering in the 
solution of manufacturing problems.  The PPSM is a 
generalized computer simulation model which can be 
used to analyze a specific set of manufacturing 
production processes. The applications for such a 
modelling tool are almost limitless, but a few 
suggestions are provided here.  First, the PPSM can 
be applied to both existing and proposed systems. 
Thus, the user can estimate the value of possible 
improvements to existing processes as well as aid 
in the planning done by engineers and management 
for a new process,.  Companies are learning that it 
is often more economical to evaluate alternate 
courses of action using a computer simulation than 
by direct experimentation with a production process 
during an actual production run. 
■ „■■-"} 
The user can use the PPSM in engineering economy 
calculations in order to justify the purchase of 
new capital equipment. This is very important con- 
sidering the large investment which most companies 
make in capital equipment and the length of time that 
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fixed assets are held. Design engineers can use the 
PPSM in evaluating the effect of design changes on 
production rates. Various equipment layouts can be 
tried without Incurring the cost of actually moving 
large pieces of equipment about the shop floor. 
Industrial engineers will have a tool to experiment 
with different work methods in their efforts to 
improve productivity and reduce labor costs. . Pro- 
duction planners can determine what staffing ar- 
rangement is most appropriate given the current 
demand for parts.  The production department may 
be able to give marketing personnel more scientific 
estimates of production rates and manufacturing 
lead times on certain parts.  In each of these 
examples, the importance of prior planning cannot 
be overestimated.  Planning, when done properly, 
is one of the most cost effective activities a 
company has at its disposal. 
Management can also use the PPSM.  The staffing 
arrangement may be critical to both the production 
rate and the production costs. Machines may be 
more fully utilized by adding additional direct 
labor, but this increase in production also causes 
a rise in labor costs. Management can look at the 
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tradeoffs between higher labor costs and the cost of 
capacity due to machine idle time. This is Important 
if capital equipment is expected to give an acceptable 
return on investment. 
Experimentation with new technology is possible. 
The effect of introducing mechanical work aids to 
assist the operator can be studied. For instance, 
automatic load/unload devices, machine powered (rather 
than manual) devices, and process control equipment 
can all have an effect upon productivity. Management 
can see if the benefits outweigh the costs.  The 
use of Industrial robots has been increasing greatly 
over the last few years. Those Jobs which are tedious, 
require great physical strength, are extremely complex, 
or exist in an environment dangerous to humans are 
prime candidates for robotics. Management can better 
decide whether an industrial robot is a wise invest- 
ment by using the PPSM. 
The PPSM has been designed with an interface to 
a yet-to-be-written graphics package.  One of the 
primary downfalls of analytical techniques has been 
their failure to portray results to management so that 
they are readily understood. Management must under- 
stand the results in order to effectively utilize 
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them.  Qraphical output has been very successful in 
achieving this understanding.  Specifically, man- 
machine bar charts help a manager visualize the actual 
manufacturing production process.  The PPSM interface 
will allow a post-processor graphics package to access 
the data necessary to construct simple man-machine bar 
charts. 
/ 
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XII.  ASSUMPTIONS AND CONSTRAINTS SECTION 
A. Overview 
The following section is designed to alert the 
user to some of the constraints and assumptions 
implicit in the PPSM. These are divided into three 
major categories:  1) applications, 2) technical, 
and 3) design. Many guidelines, constraints, and 
assumptions about the PPSM have been detailed in other 
sections and are in addition to the following dis- 
cussion. 
B. Applications 
A number of possible applications for the PPSM 
were suggested in the PROBLEM DEFINITION SECTION. 
These are only suggestions to guide the user and the 
appropriateness of the PPSM to any given situation 
must be evaluated by the user.  A fairly rigorous 
definition of the manufacturing production processes 
for which the PPSM was designed is given in the SYSTEM 
DESIGN SECTION. 
These guidelines should not bar the user from 
developing other applications for the PPSM.  Some 
degree of program modification may be necessary to 
tailor the PPSM to the situation at hand.  If these 
modifications become fairly extensive, it is suggested 
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that the user Investigate the possibility of develop- 
ing an original model of the particular manufacturing 
process.  It cannot be overemphasized that the appli- 
cation of any analytical technique which utilizes 
modelling is an art, not an exact science.  Success 
depends primarily upon the ingenuity and creativity 
of the user. 
C.  Technical 
The user is constrained by a number of technical 
requirements for the use of the PPSM.  The package 
utilizes GASP IV, an event-oriented simulation language, 
Briefly, GASP IV describes a system "in terms of a 
set of entitles, their associated attributes, and 
5 
state variables."  This is treated in detail in the 
GASP IV text.  The user determines whether GASP is 
an appropriate language for modelling any particular 
manufacturing process. 
The PPSM was written at Lehigh University for use 
on its Control Data 6*100 computer with the SCOPE 
operating system, Version 3-*<.**.  The PTN compiler 
was used to compile the PPSM and all user written 
codes.  Approximately 70,000 words of core memory was 
5 
Ibid., page 13. 
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required for compilation and execution of the PPSN. 
Time requirements vary depending upon the length of 
the simulation run. The pre-processor program HEADER 
requires approximately 0.9 seconds for compilation. 
The PPSM requires approximately 6.7 seconds for com- 
pilation on the system described above.  The time 
calculation required approximately 1.5 seconds to 
compile.  It is possible to use compiled versions of 
one or more of the above programs, but alternate SCOPE 
control cards will be required. 
If the PPSM is transported to another system, 
a number of problems may be encountered.  A working 
version of GASP IV must be available on the new 
computer system. New Job control cards must be used 
if the operating system is not SCOPE.  Although the 
PPSM is written almost exclusively in standard FORTRAN 
IV, a number of program changes may be necessary. 
An asterisk (*) was used as a delimiter in FORMAT 
statements and may not be appropriate for all systems. 
The values of NCRDR (the input device number) and 
NPRNT (the output device number) may require altera- 
tion.  Note that NCRDR is originally set equal to 4 
in the MAIN program and reset to 5 in SUBROUTINE INTLC, 
This allows the program to read the GASP Input data 
from disk file MERGE and to read User Data Sets 1 and 
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2 from card Input. Other minor changes may also be 
necessary. 
D.  Design 
The PPSM Is based upon a number of assumptions 
concerning the manufacturing production process to 
be analyzed.  Some of this is discussed in the SYS- 
TEM DESIGN SECTION.  The number of men and the number 
of machines is limited to 25 each. The arrays ETMACH, 
..ETMAN, ETMMI, and DATA are limited to 50 entries each. 
The arrays VMACH and VMAN are limited to 25 rows and 
8 columns each.  In addition, VMACH(MlJ,l) is defined 
to be the machine cycle time and VMACH(Mll,2) is 
defined to be the .number of parts produced per machine 
load.  The allowance factor, ALLOW, is applied to all 
man cycle work and no differentiation between opera- 
tors is made.  Similarly, the resource utilization 
factor is applied to all machines equally. 
The percent of idle time calculations are based 
upon the number of production hours available, not 
the total number of hours available. All queues (work 
waiting for service, machine waiting for service, 
and man waiting for work) are on a first come/first 
served queue discipline.  This is subject to the 
constraints imposed by the staffing arrangement. 
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XIII.  AREAS OF FUTURE STUDY SECTION 
The PPSM has given engineers and managers a valuable 
tool in the resolution of their dally problems. In 
addition, it has uncovered other new areas which can 
advance still further our ability to solve common indus- 
trial problems. 
As mentioned earlier, graphical output is an effec- 
tive method of portraying information in a manner easily 
understood by management.  The development of a graphics 
package is the next logical step in this direction. 
Preliminary work on this project has already been done at 
Lehigh University. Both hard and soft copy output can be 
investigated, as well as the use of large screen video 
equipment. 
Another enhancement to the PPSM would be the develop- 
ment of a more effective means of conveying changes in 
work method, layout, or equipment to the PPSM.  The use 
of a light pen with digitizing equipment might be one such 
method.  Perhaps the user could provide the PPSM with 
all input data in the traditional manner for the first 
experiment.  An output of this first experiment might be 
a man-machine bar chart. All subsequent changes in work 
method would be made by altering this bar chart with a 
light pen. The PPSM would then use the altered chart as 
input for the next simulation run. Also, workplace layout 
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could be digitized on the computer and the PPSM would scan 
the layout for changes before each run. 
A final area of study is the design of a time stand- 
ard data base.   Predetermined time standards are used in 
almost every manufacturing industry.  The advances in 
data base management systems have made the development of 
a time standard data base a realistic possibility.  The 
PPSM could interface with the data base and perhaps even 
synthesize a work method from existing work methods which 
could be stored on the computer. 
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APPENDIX A 
SYSTEM DESIGN FLOWCHART 
Appendix A contains a flowchart which will aid the 
user in understanding the general system design of the 
PPSM. 
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APPENDIX B 
TIME AND MOTION STUDY 
WORK METHOD DESCRIPTION 
The data collection personnel should be given copies 
of: 
1) The DATA COLLECTION PROCEDURE SECTION 
2) Appendix B and C 
a. sample time study from case study 
b. sample work method description from case study 
c. sample Form 1 from case study 
d. blank time study forms 
e. blank Form 1 
Note that the time study should have associated with 
it a detailed work method. Please use your normal depart- 
ment procedures, along with the guidelines stated earlier, 
when preparing the time and motion study. 
The samples in Appendix B relate directly to the CASE 
STUDY. 
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TIME AND MOTION STUDY 
EL. 
NO. ELEMENT DESCRIPTION MIN. 
1 Activate opening of press .15 
2 Walk to rack 
3 Roll rack to press for unloading .39 
4 Unload three platens (set 1) .69 
5 Roll rack for loading .39 
6 Load three platens (set 2) .69 
7 Activate closing of press .30 
8 Roll rack to table to pull one platen .39 
9 Walk onto platform to behind table .24 
10 Adjust table to pull one platen for prep .15 
11 Pull one platen onto table .27 
12 Adjust table to working height • .i5 
13 Take off steel top .21 
14 Strip one mold 1.08 
15 Clean one mold 
16 Lubricate one platen .42 
17 Get preforms from material skid .54 
18 Load molds with preforms .57 
19 Put steel top on .18 
20 Adjust table to push one platen into rack .15 
21 Push one platen into rack 
-27 
22 Get off platform and walk to rack .24 
23 Roll rack to press for unloading .39 
24 Walk to press .15 
PERCENTAGE ALLOWANCES        Normal Time -15.21 
Personal & Fatigue   9%     Allowance Cleanup              —      Allowance - 1.521 
TOTAL 10#     Allow Time -16.731 
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WORK METHOD DESCRIPTION 
The operation begins with rack at work station, 
platform in the down position ready for unload and 
load. 
1. Reach to platen handles.  Pull platen onto plat- 
form . 
2. Turn top plate to left swinging right side to 
left turning plate over. 
3. Reach to left hand mold putting right hand in 
handle.  Slide off bottom plate and grasp with 
left hand. 
1*.  Turn to left and align mold to inserts of parts 
remover. 
5. Insert and slide into parts remover with right 
hand and move left hand to activator button. 
6. Press button release and wait for parts remover 
to remove parts.  Reach for mold with left hand. 
7. Pull out of parts remover with right hand and 
grasp with left hand as it slides out. 
8. Shake to remove any excess material and move to 
bottom plate. 
9. Slide onto plate releasing left hand and aligning 
handles of mold and plate with right hand. 
10. Reach for right mold.  Grasp with right hand in 
handle, slide off plate and grasp with left hand. 
11. Repeat U-S  inclusive. 
12. Reach for spray gun (located on left of platform) 
with right hand and grasp handle. 
13. Remove from hook and move to position over left 
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WORK METHOD DESCRIPTION (continued) 
side of top plate.  Spray left side of plate 
moving along approximate position of parts. 
14. Move to right side of plate and repeat.  Move 
to left side of bottom plate and spray left 
mold.  Repeat for right mold. 
15. Move sprayer to hook on left.  Insert gun into 
hook and release. 
16. Turn to right and step to unpressed parts. 
Reach for parts with both hands. 
17. Turn to left facing bottom plate.  Put parts into 
mold on right.  Move other parts to mold on left. 
18. Move to left mold and position in front of mold. 
19. Reach for top parts with both hands. Grasp and 
put in back of molds. Reach for top parts and -. 
repeat for each mold. 
20. Reach for top plate with both hands.  Insert 
right hand into left handle and left hand into 
right handle. 
21. Move plate, turning left side to right.  Place 
on parts.  Align handles.  Release. 
22. Reach for.platform button with right hand.  Press 
and hold.  Raise till platform is even with 
empty rack.  Position and release. 
23. Reach for handles with both hands.  Grasp and 
slide onto rack.  Release. 
24. Reach for platform button.  Press and raise to 
level of next platen. Releaset 
25. Reach for handles.  Grasp and pull onto platform. 
Release. 
26. Reach for platform button.  Lower to work height. 
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WORK METHOD DESCRIPTION (continued) 
27. Repeat 2-27. 
28. Repeat 2-24 
29. Step to side of rack. Grasp and pull so empty 
side of press is aligned with press. 
30. Step to front of press. 
31. Reach for bottom platen. Grasp with both hands 
and pull approximately three-quarters of platen 
onto rack. 
32. Repeat for next two platens. 
33-  Pull each platen completely onto rack. 
3^.  Push rack so that next platens align with press. 
35. Push each platen three-quarters of the way onto 
press beginning at top. 
36. Push each platen completely onto press. 
37. Step to right side to press start button. 
38. Press button. 
39. Step to worlo area. 
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APPENDIX C 
DATA COLLECTION FORM 1 
The data on Sample FORM 1 relates directly to tne 
CASE STUDY. 
70 
FORM 1 
Section A 
Machine Type or Number —  
Number of Machines of this Type — 
Machine Cycle Time — 
Work Elements comprising Machine Cycle 
Man Cycle Time — 
Work Elements comprising Man Cycle 
Man/Machine Interaction Cycle Time — 
Work Elements comprising 
Man/Machine Interaction Cycle 
Number of Parts per Machine Cycle — 
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FORM 1 
Section B 
Maximum Available Hours per Shift 
minus Lunch 
minus Setup 
minus Cleanup 
minus Other 
Production Hours per Shift 
Section C 
Number of Men or Robots — 
Number of Machines Operated — 
Number of Shifts per Day — 
Resource Utilization Factor — 
Man Name or 
Number 
Staffing Matrix 
Machine Type or Number 
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Figure 2 F0RM * 
Section A 
Machine TyPe or Number —  #6^23 
Number of Machines of this Type — 
Machine Cycle Time —   15 minutes 
Work Elements comprising Machine Cycle  n/a 
Man Cycle Time —  8.8M min. 
Work Elements comprising Man Cycle 
Man/Machine Interaction Cycle Time — 1.89 min. 
Work Elements comprising 
Man/Machine Interaction Cycle  ^ 
Number of Parts per Machine Cycle — 50 
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Figure 2 (continued)      F0RM 1 
Section B 
Maximum Available Hours per shift - 
minus Lunch 
minus Setup 
minus  Cleanup 
minus  Other 
Production Hours per Shift 
480 minutes 
20 
^50/60 
Section C 
Number of Men or Robots — 
Number of Machines Operated 
Number of Shifts per Day — 
Resource Utilization Factor 80 
Staffing Matrix 
Machine Type or Number 
Man Name  or 
Number /// /.// / ////// 
J.   Smith 1 
| 
1 . 1 1 1 1 
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APPENDIX D 
INPUT DECK SETUP 
75 
INPUT DECK SETUP 
Deck Setup 1 
Jobcard 
PAGES, 50, N. 
ATTACH,MERGE,ID=CDC. 
ATTACH,DISCIV,ID=CDC. 
ATTACH,GASPIV. 
FTN(I=MEHGE,L=0^ 
LGO. 
REWIND(MERGE) 
SKIPF(MERGE,2) 
PTNtI=SUBCMP,B=XXX) 
FTN(.I=DISCIV,B=YYY; 
LOAD(XXX) 
LOADtYYY) 
GASPIV. 
\ 
User Data Set 1 
\ 
User Data Set 2 
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DecK Setup 2 
Jobcard 
PAGES,50,N. 
ATTACH,MERGE,1D=CDC. 
ATTACH,DISCMP,ID=CDC. 
ATTACH,GASPIV. 
FTNU=MERGE,L=0) 
LGO. 
REWIND(MERGE) 
SKIPP(MERGE,2; 
FTN(l=SUBCMP,B=XXX) 
LOAD(XXX) 
LOADIDISCMP) 
GASPIV. 
'
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User Data Set 1 
\ 
User Data Set 2 
67 
The input deck setups shown above utilize SCOPE control 
cards.  Deck Setup 1 utilizes the source listing of the 
PPSM stored on disk file DISCIV. Deck setup 2 utilizes the 
compiled version of the PPSM stored on disk file DISCMP. 
Deck setup 2 requires less compilation time, out no 
listing of the PPSM code will be printed. 
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APPENDIX E 
GASP INPUT DATA 
The GASP INPUT DATA should remain constant for most 
applications of the PPSM.  It may be edited interactively 
should the user require changes. 
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APPENDIX P 
KEYWORD DESCRIPTION 
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KEYWORD DESCRIPTION 
Keyword      Description 
MACHINE      Causes all subsequent FORTRAN statements to 
be Inserted Into SUBROUTINE TMACH until 
another Keyword Is encountered.  The 
FORTRAN statements should calculate the 
machine cycle and store the result in 
CYCLE. 
MAN Causes all suosequent FORTRAN statements to 
be Inserted into SUBROUTINE TMAN until an- 
other keyword is encountered. The FORTRAN 
statements should calculate the man cycle 
time and store the result in PREP. 
INTERACT     Causes all subsequent FORTRAN STATEMENTS to 
be inserted into SUBROUTINE TINTER until 
another keyword is encountered.  The FORTRAN 
statements should calculate the man/machine 
interaction time and store the result in* 
TACT. 
COOL        Causes all subsequent FORTRAN statements to 
be inserted into SUBROUTINE COOL until an- 
other keyword is encountered.  This capabil- 
ity is primarily for future enhancements to 
the PPSM. 
OUTPUT       Allows the user to write an output sub- 
routine to obtain information not available 
from the standard reports.  This routine 
must be called SUBROUTINE OUTPUT.  The user 
must include the subroutine name, COMMON 
blocks, the necessary FORTRAN, and a 
RETURN and END statement. 
The user may include any number of the above keywords 
in User Data Set l. The user may utilize the default 
statements rather than the keywords which are described in 
the INPUT DATA SECTION. A sample User Data Set 1 which 
was used in the Case Study is shown in Appendix J. 
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APPENDIX G 
Pile MERGE, Record Block 2 
Appendix G contains a listing of the time calculation 
subroutines before user written code nas been inserted by 
PKOGKAM HEADER. 
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APPENDIX H 
INPUT FORMAT WORKSHEET AND REFERENCE MANUAL 
User Data Set 2 
The INPUT FORMAT WORKSHEET Indicates the card layout 
and input format for User Data Set 2. The REFERENCE MANUAL 
provides a brief description of User Data Set 2 input 
variables. 
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REFERENCE MANUAL - USER DATA SET 2 
Data 
Card 
Type 
Variable 
Name 
13A NMEN 
NMACH 
14 NPAK(I,J) 
1=1,NMEN 
J=l,NMACH 
15A NPTS1 
MPTS1 
15B ETMACHU) 
I=1,NPTS1 
15C VMACH(I-,J) 
I=1,MPTS1 
J-1,8 
Definition 
16A 
16B 
16c 
16D 
17A 
17B 
NPTS2 
MPTS2 
ETMAN(I) 
I=1,NPTS2 
VMAN(I,J; 
I=1,MPTS2 
J=l,8 
ALLOW 
NPTS3 
MPTS3 
ETMMI(I) 
I=1,NPTS3 
Number of operators or robots 
Number of machines 
Man/Machine pairing array; speci- 
fies staffing arrangement 
Number of entries in array ETMACH 
Number of rows in array VMACH; 
usually MPTS1=NMACH 
Elemental time data for machines 
Machine variable data; where 
VMACH(M4,l)=machine cycle time 
VMACH(M4,2)=parts/machine load 
VMACmM4,o) j=3,8 user option 
Number of entries in array ETMAN 
Number of rows in array VMAN 
Elemental time data for operators 
or rooots 
Operator or robot variable data 
Allowance for personal, fatigue, 
and delay time; 
(ie. 10%  allowance = 1.10) 
Number of entries in array ETMMI 
Number of entries in array DATA 
Elemental time data for man/ 
machine interaction 
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REFERENCE MANUAL - USER DATA SET 2 (continued) 
Data 
Card 
Type 
Variable 
Name 
17C DATA(I) 
I=1,MPTS3 
18 HOURS 
SHIFTS 
DAYS 
19 UTIL 
20 IHOT 
Definition 
21 TSTART 
TSTOP 
Array for miscellaneous data 
Number of production hours per 
shift 
Number of shifts per day 
Number of days of simulated 
production 
Resource utilization factor 
Key for delaying beginning of man 
cycle event; 
0 — begin man cycle immediately 
after man/machine interaction 
1 — delay man cycle until end of 
man cycle corresponds to 
end of machine cycle 
Time to start data collection 
for graphics output 
Time to stop data collection 
for graphics output 
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APPENDIX I 
PPSM ERROR CODES 
90 
PPSM ERROR CODES 
Error Code Description 
1 Negative value of NNQ(2); 
Called from SUBROUTINE EOMACH 
2 Negative value of NNQ(2); 
Called from SUBROUTINE BEGMAN 
3 Negative value of NNQC3); 
Called from SUBROUTINE WORK 
H Invalid event code; 
Called from SUBROUTINE EVNTS 
1*4 Negative flag; 
Called from SUBROUTINE WORK 
15 Negative or zero value of NMEN: 
Called from SUBROUTINE INTLC 
16 Negative or zero value of NMACH: 
Called from SUBROUTINE INTLC 
17 Negative value of array NPAR: 
Called from SUBROUTINE WORK 
19 Bad input data for array NPAR: 
Called from SUBROUTINE INTLC 
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APPENDIX J 
CASE STUDY INPUT DATA 
User Data Set 1 
The data shown is directly related to the CASE STUDY. 
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T> 
APPENDIX K 
CASE STUDY INPUT DATA 
User Data Set 2 
The data shown is directly related to the CASE STUDY. 
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APPENDIX L 
PPSM OUTPUT INFORMATION FOR CASE STUDY 
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APPENDIX M 
GRAPHICS OUTPUT DATA 
The data shown is directly related to the CASE STUDY. 
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GRAPHICS OUTPUT DATA 
card   0 1 2 3 
column 1 0 0 0 
3.9^8 3.9483 1 1 
4.762 .8142 1 1 
9.762 5.0001 0 1 
5.814 1.0524 1 1 
9.762 3.9483 1 1 
10.576 .8142 1 1 
15.576 5.0001 0 1 
11.628 1.0524 1 1 
15.576 3.9483 1 1 
16.390 .8142 1 1 
21.390 5.0001 0 1 
17.442 1.0524 1 1 
21.390 3-9483 1 1 
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APPENDIX N 
SAMPLE MAN-MACHINE BAR CHART 
The following bar chart was constructed manually and 
relates directly to the CASE STUDY. It may be similar in 
design to those which will be constructed by the Graphics 
Package. 
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MAN/MACHINE BAR CHART 
• 'reB8 Man 
Time 
XminiLtes) 
load/unload 
(man/machine 
interaction) 
full pressure 
venting 
full pressure 
venting 
full pressure 
venting 
full pressure 
^ 
m 
2.4-9 
1.50 
" .99 
2.01' 
" .99 
3.99 
2.01 
.99 
3.99 
load/unload 
(man/machine 
interaction) 
prepare 
platen #1 
.3 
prepare . 
platen #2 
3.99 
6.51 
• 78 
2.28 
prepare 
platen #3 
"12 
move rack   -R5 
idle 
Total Cycle Time -17.4-9 min 
1 Man / 1 Press 
Horizontal Rack 
Manual Load/Unload 
15 minute Machine Cycle Time 
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-18 
-21 
-24 
APPENDIX 0 
CASE STUDY GRAPHS 
The following two graphs are a result of the analysis 
concerning the CASE STUDY.  The staffing arrangements are 
Indicated in the LEGEND.  The Cycle Time refers to the 
machine cycle time. 
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